In the present study we have characterized the evolution of changes in systemic haemodynamics (thermodilution in conscious animals) and sodium balance (metabolic cages) in a model of liver cirrhosis induced by chronic bile duct ligation (BDL). Mean arterial pressure (BDL, 111.5p4.7 mmHg ; 122.9p3.0 mmHg) and peripheral vascular resistance (BDL, 2.63p0.08 units ; sham-operated, 2.93p0.09 units) were lower in BDL rats from day 12 after surgery and decreased progressively throughout the following days. Portal hypertension was evident earlier in BDL rats and was maintained throughout the study period. Cardiac index (BDL, 58.8p3.9 ml:min − 1 :100 g − 1 ; sham-operated, 43.9p1.5 ml:min − 1 :100 g − 1 ) and stroke volume (BDL, 147.2p12.7 ml:beat − 1 :100 g − 1 ; sham-operated, 109.0p4.2 ml:beat − 1 :100 g − 1 ) were significantly elevated in the BDL rats only from day 18 after surgery. There were no significant differences in sodium balance between the groups until day 16 after surgery, at which time BDL animals started to retain significantly more sodium than the controls. Sodium retention increased progressively, and at day 20 BDL rats had retained 0.7 mmol/100 g more than the control animals (accumulated retention : BDL, 2.2p0.2 mmol/100 g ; sham-operated, 1.5p0.2 mmol/100 g). Plasma renin activity and aldosterone concentration were not elevated in the BDL animals at days 12, 16 or 20 after surgery. These data indicate that the BDL rat model shows early portal hypertension, peripheral vasodilation and arterial hypotension, several days before sodium retention is detectable, and in the absence of changes in plasma levels of renin and aldosterone. Overall, these data suggest that, in the BDL rat model, sodium retention is secondary to portal hypertension and peripheral vasodilation.
Haemodynamic and renal evolution of the bile duct-ligated rat 
A B S T R A C T
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were significantly elevated in the BDL rats only from day 18 after surgery. There were no significant differences in sodium balance between the groups until day 16 after surgery, at which time BDL animals started to retain significantly more sodium than the controls. Sodium retention increased progressively, and at day 20 BDL rats had retained 0.7 mmol/100 g more than the control animals (accumulated retention : BDL, 2.2p0.2 mmol/100 g ; sham-operated, 1.5p0.2 mmol/100 g). Plasma renin activity and aldosterone concentration were not elevated in the BDL animals at days 12, 16 or 20 after surgery. These data indicate that the BDL rat model shows early portal hypertension, peripheral vasodilation and arterial hypotension, several days before sodium retention is detectable, and in the absence of changes in plasma levels of renin and aldosterone. Overall, these data suggest that, in the BDL rat model, sodium retention is secondary to portal hypertension and peripheral vasodilation.
INTRODUCTION
Chronic bile duct ligation (BDL) in the rat is a very frequently used method which produces an experimental model of liver cirrhosis with cholestasis [1, 2] . Several groups of authors have studied the cardiovascular and renal alterations that occur in this model [3] [4] [5] [6] [7] [8] , which reproduces some of the features of human cirrhosis. Thus chronic BDL induces a circulatory hyperdynamic state, with arterial hypotension and increased cardiac output, similar to that found in other experimental models of cirrhosis and in cirrhotic patients. Also, important renal alterations have been described in BDL animals. These include water balance abnormalities, sodium retention and activation of intrarenal hormones, among others [2, [9] [10] [11] [12] [13] . The pathogenesis of the circulatory and renal abnormalities that occur in experimental animals with BDL is not completely clear. In other experimental models, such as the carbon tetrachloride-treated or the portal vein-ligated rat [14] [15] [16] , and in human subjects with cirrhosis [17, 18] , a great deal of research speaks in favour of an early decrease in peripheral vascular resistance, mostly in the splanchnic area, as the primary event that produces the hyperdynamic state and sodium retention. However, other investigations mostly support the vascular overfilling theory [19] , which is based on the existence of a hepatorenal reflex which induces primary renal sodium retention, followed later by development of the hyperdynamic state.
In the present work, we have aimed at determining the sequence of cardiovascular and renal events that develop in a rat model of chronic BDL. To this end, we have studied, in conscious rats, the evolution of systemic haemodynamics and renal sodium retention. Additionally, we have measured plasma renin activity (PRA) and the plasma aldosterone concentration (PA) at several points during the development of these alterations in order to determine their contribution.
METHODS
Male Sprague-Dawley rats born and raised in the Animalario of the Universidad de Murcia were used in the present study. All experiments were performed according to the guidelines for the ethical care of the laboratory animals, as ruled by Spanish Law and that of the European Union. Throughout the study, all the animals had complete access to normal rat chow and water ad libitum.
BDL procedure
Animals weighing 175-250 g were anaesthetized with a mixture of ketamine (100 mg\kg, intraperitoneal) and xylazine (50 mg\kg, intraperitoneal) and, after a midline incision, the common bile duct was isolated, doubly ligated and cut, using a method described previously [8, 9] . Animals that acted as controls were sham-operated. After recovery, the animals remained in their home cages until the time of experiment.
Systemic haemodynamics
Mean arterial pressure (MAP), cardiac output and heart rate (HR) were determined in conscious rats by the thermodilution method (Cardiomax IIR ; Columbus Instruments, Columbus, OH, U.S.A.) as described previously [20, 21] . Measurements were performed on days 7, 12, 14, 16, 18 and 20 after BDL surgery. To this end, the animals were anaesthetized (with the same mixture as used for BDL) and subjected to catheter implantations 1 day before the measurements were made, to ensure complete recovery from the surgical procedure. The catheters were brought out through the skin and secured in the back of the neck inside a spring attached to the top of the animal cage, which allowed the animal complete freedom of movement. An animal was rejected if blood temperature measured with a carotid thermistor was higher than 38.5 mC or when signs of illness were clearly detected by visual inspection. Cardiac output was factored by body weight and expressed as cardiac index (CI ; ml:min −" :100 g −" ). Stroke volume (ml:beat −" :100 g −" ) was obtained by dividing CI by HR. Total peripheral resistance (TPR ; mmHg:min:ml −" :100 g) was calculated by dividing MAP by CI. A minimum of seven sham-operated and seven BDL rats were used for each of the 6 days of study. At the end of the experiments, the animals were killed by anaesthetic overdose.
Measurement of portal pressure
Portal pressure was determined in other groups of anaesthetized (Inactin ; 50 mg\kg, intramuscular) BDL and sham-operated animals. Briefly, after anaesthesia, a midline incision was made and then the ileocaecal vein was catheterized with a stretched PE-50 cannula which was secured in place with a drop of cyanoacrilate glue. The cannula was connected to a transducer calibrated in the range 0-20 mmHg and acquired by a microcomputer system (MacLab 8e ; AD Instruments). Once the vein was catheterized and after stabilization of the measurement, portal pressure was measured continuously for 30 min and an average value obtained. The animal was then killed by anaesthetic overdose.
Sodium balance
Balance data were obtained using a method described previously [9] in another series of sham-operated and BDL animals. Briefly, the animals were housed in individual metabolic cages starting on day 10 after surgery and, after 2 days of equilibration, balance data were obtained from day 12 until day 20 after the ligature. Sodium balance was assessed as the difference between sodium intake and excretion, and was factored by body weight. A total of eight control and eight BDL rats were used in this protocol. At the end of the experiment, these animals were decapitated to obtain blood, as described in the next section.
Hormonal and biochemical plasma determinations
Blood samples obtained after decapitation of groups of eight rats each, 12, 16 and 20 days after BDL or sham operation, were used for the measurement of PRA and PA, as well as plasma glucose, urea, creatinine, bilirubin, alkaline phosphatase, alanine transaminase, aspartate transaminase and γ-glutamyltransferase. Blood was collected in tubes containing 6 % EDTA as an anticoagulant ; before centrifugation, the haematocrit was determined using microhaematocrit tubes. After centrifugation (2500 g ; 10 min), the plasma was frozen until analysis. PRA and PA were measured using commercially available RIA kits (RENCTK and ALDOCTK-2 ; Sorin Biomedica, Saluggia, Italy) and the remaining plasma parameters were measured using an automated method (Hitachi 737 ; Boehringer, Mannheim, Germany). In addition, the liver, spleen and both kidneys were removed, blotted dry and weighed.
Data handling and statistical analysis
All data are expressed as meanspS.E.M. For the haemodynamic and balance data, statistical significance was obtained by using two-way analysis of variance for repeated measures followed by a Duncan post-hoc test.
Remaining comparisons were carried out using unpaired Student's t tests. Differences were considered statistically significant at P 0.05.
RESULTS
All the BDL animals used in the present study showed jaundice and coluria. After death, abdominal inspection revealed no ascites, but there was mesenteric oedema as well as enlarged liver, spleen and kidneys. Table 1 shows these organ weights and their relationship to body 
Systemic haemodynamics
The animals studied 7 days after BDL were normotensive (121.01p2.9 mmHg, compared with 125.0p5.5 mmHg in controls), and CI, HR and TPR were also similar in the two groups. However, 5 days later (Figure 1 ), MAP and TPR were significantly lower in the BDL animals, and the values of these parameters decreased slowly throughout the remaining observation period (MAP, from 111.5p4.7 mmHg at day 12 to 100.1p6.9 at day 20 ; TPR, from 2.6p0.1 to 1.8p0.2 mmHg:min:ml −" : 100 g). In contrast, CI was similar in the two groups until day 18 after surgery, at which time it was significantly elevated in the BDL rats (58.8p3.9 ml:min −" :100 g −" , compared with 43.9p1.5 ml:min −" :100 g −" in controls), and it remained elevated thereafter. HR was also higher in the BDL animals, and stroke volume followed a similar pattern to that of CI.
Portal pressure
As expected (Table 2) , portal pressure was always higher in the BDL animals, and increased slowly as the disease progressed.
Sodium balance
The data obtained from the rats in the metabolic cages are presented in Figure 2 . BDL rats gained less weight than sham-operated animals, and their growth curve was Table 3 shows the values of PRA and PA throughout the study. On days 12, 16 and 20, PRA was similar in the two groups, whereas PA tended to decrease in the BDL rats. Table 4 shows the values of some biochemical parameters. Plasma glucose was lower in the BDL rats and tended to decrease throughout the study. The rest of the plasma parameters, such as creatinine, urea, bilirubin and liver tests, were always higher in the BDL rats. Haematocrit was always lower in the BDL animals.
Hormonal and biochemical plasma determinations

DISCUSSION
In the present work we have studied the temporal evolution of systemic haemodynamics and sodium retention in a model of chronic liver disease frequently used to study different aspects of the pathophysiology of liver cirrhosis. The chronic BDL rat model has been used extensively for the study of systemic haemodynamics and renal function, among other parameters, and, like the carbon tetrachloride model of cirrhosis, is thought to be a good experimental model for the study of human cirrhosis.
Many investigators [2] [3] [4] have previously analysed the haemodynamic status of the BDL rat model and have found, as confirmed by the present results, that BDL rats will eventually develop a hyperdynamic syndrome, characterized by low blood pressure, low vascular resistance and high cardiac output. In addition, the BDL rat has been shown to develop sodium retention [2, 9, 22] , and this result was also confirmed by the present data. The relationship between these two important features of chronic liver disease is not clear, since longitudinal studies of haemodynamic and renal function are not easy to perform. Our data indicate that the initial systemic haemodynamic event that can be detected after ligation of the bile duct is a decrease in blood pressure and TPR. Although in other studies systemic hypotension has been found as early as 3 days after surgery [5, 6] , in our hands clear and statistically significant lower blood pressure was not evident until day 12. In preliminary experiments we also measured blood pressure in BDL rats between days 7 and 12 after BDL surgery, and we could not find any statistical differences between groups. It is likely that these differences may be due to the awake state of our BDL animals, as this model is very sensitive to the effects of anaesthesia [3, 4] .
It is important to note that portal hypertension was in fact the first haemodynamic alteration detected in this model. Whether the elevation in portal pressure participates in the decrease in blood pressure cannot be concluded from the present data. The exact mechanisms leading to this early decrease in vascular resistance and blood pressure are not clear, but several possibilities have been suggested. These include an excessive production of vasodilator substances, such as nitric oxide and bile acids, and a reduced pressor response to circulating endogenous vasoconstrictors [2, 8, 23] . Similar results have also been obtained in the carbon tetrachloride model [14] and in the portal vein ligation model [15, 16] .
According to the peripheral vasodilation theory [18] , the initial decrease in blood pressure and vascular resistance initiates a sequence of events in order to compensate for this alteration. This sequence includes sodium and water retention by the kidney [9, 14, 22, 23] , followed by an elevation of cardiac output. These alterations were also observed in our experiments, in this same order. First, some days after arterial hypotension became evident, the BDL animals started to retain sodium compared with the controls, and this effect became significant by day 16, at a point when CI was still not significantly different from that of sham-operated animals. Thus these data also confirm that sodium retention occurs before the hyperdynamic circulation is fully developed. However, it should be kept in mind that portal pressure was already elevated in these animals and thus could have also contributed to the initiation of sodium retention.
Interestingly, the BDL model is different from other animal models of cirrhosis, in that sodium retention is not accompanied by water retention. In fact, the BDL model is characterized by poliuria [6, 7] , which is of uncertain origin. Possibly, the hyperbilirubinaemia or the elevated levels of bile acids are responsible for this alteration in water handling. This interesting aspect should be studied from a renal point of view. The analysis of body water and its distribution may also give some clues. This result, and other distinct features of this rat model, clearly indicate that the pathophysiological conclusions obtained with the BDL model should be interpreted cautiously when extrapolated to human cirrhosis.
With regard to the mechanisms responsible for the initiation of sodium retention, there are several possibilities. First, the arterial pressure is a primary determinant of the excretory function of the kidney, the socalled pressure diuresis and natriuresis response [24, 25] . By virtue of this mechanism, a decrease in blood pressure, as occurs in the BDL animals, will decrease the elimination of sodium and water in an attempt to elevate blood pressure by replenishing the vascular volume. However, it seems that this normalization of blood pressure cannot be achieved, since the primary alteration, i.e. arterial vasodilation, prevents it. The exact mechanisms responsible for pressure-dependent diuresis and natriuresis are not completely understood, but several lines of evidence point to intrarenal changes in the levels of the renin-angiotensin system, nitric oxide and prostaglandins, among others [26, 27] . A second mechanism that may be responsible for the initiation of sodium retention induced by the decrease in blood pressure is baroreceptor-mediated activation of the renin-angiotensin system [18] . Thus the elevated plasma levels of angiotensin II and aldosterone would act in the kidney to increase sodium and water reabsorption. However, in the present study neither PRA nor PA was elevated during the initial days of arterial hypotension or sodium retention. In a previous study, also performed in sodiumretaining BDL animals, we again showed normal values of PRA, whereas the intrarenal levels of renin were elevated [9] . Thus it is possible that small intrarenal changes in vasoactive hormones, which cannot be detected systemically in this early phase of the disease, are the initiating factor in sodium retention. In support of this possibility, it is important to keep in mind that, in other experimental studies and in cirrhotic patients [28] , a significant proportion of subjects show sodium retention or even ascites with normal levels of PRA, PA and noradrenaline, suggesting that sodium retention can occur in the absence of overt activation of these antinatriuretic systems [28] , at least at the systemic level. Other possible mechanisms that may contribute to sodium retention include a direct renal effect of portal hypertension [19, 29] . Unfortunately, the present experiments cannot elucidate the relative importance of these mechanisms in mediating sodium retention in the BDL rat model, and in any case it is likely that all of them contribute to a significant degree.
It is also interesting to point out that the weight of the kidneys was elevated several days before significant sodium retention could be detected, as for the liver and spleen. Previous studies performed in BDL rats 4 weeks after surgery [30] showed that increased renal volume occurs due to hypertrophy of the inner stripe of the outer medulla, and specifically to a greater volume being occupied by thick ascending loops of Henle and collecting ducts, important sites for sodium reabsorption. However, it is not known if similar alterations are also present in the early phase studied in the present experiments.
In summary, in conscious BDL rats, the earliest haemodynamic alterations detected were decreases in peripheral vascular resistance and blood pressure. Some days later sodium retention became significant, and subsequently cardiac output increased. Thus disease progression in the BDL rat model appears to follow the sequence predicted by the peripheral arterial vasodilation hypothesis. The mechanisms responsible, however, are still not clearly defined in this rat model.
